Sugar moieties serve as specificity markers in a wide variety of biochemical functions, and periplasmic glucose/galactosebinding proteins (GGBPs) serve as the primary receptors for transport and chemotaxis. Recently, complete genome sequencing projects have revealed many open reading frames for such receptors. On the basis of the homology search with the known x-ray structures (PDB ID: 3GBP/1GCA) of a periplasmic receptor protein from Salmonella typhimurium, we selected four putative proteins with amino acid identities between 30 and 48% for the prediction of three-dimensional (3D) structures of the proteins as well as their complexes with glucose and galactose. We could successfully identify the key residues involved in coordination with calcium ion spanning over two loop structures. We calculated the ligand-binding affinities and hydrogen bonding patterns of the modeled structures and compared with those of the x-ray structures. The calculation of free energies of binding of the modeled structures to glucose and galactose in the presence of water suggested that two of four putative proteins can form complexes with dissociation constants in the micromolar range (1-10 mM). Electrostatic potentials on the surfaces near the sugar and calcium-binding sites of the modeled structures were predominately negative as found in case of the x-ray structure. Taken together, our results suggest that the products of two newly discovered genes would serve as receptors for the transport of glucose and galactose.
Introduction
Sugar moieties associated with glycoproteins and polysaccharides are involved in the determination of virulence and pathogenicity of many infectious agents (Casadevall and Liise-anne, 1999; Weissman et al., 2006) . In mammalian cells, some kinases are sensitive to different oligosaccharides leading to dramatic perturbation of signaling pathways (Clodfelder-Miller et al., 2005; Nagaoka et al., 2005) . The periplasmic GGBPs of the gram-negative bacteria serve as the primary receptors for transport and in some cases for chemotaxis in response to compounds such as sugars, ions, and small peptides. The binding of a ligand to a free periplasmic receptor activates that protein, allowing it to be recognized by distinct membrane components specific to transport and in some cases to chemotaxis (Mowbray et al., 1990) . X-ray structures of a periplasmic glucose/ galactose-binding receptor protein from Salmonella typhimurium bound to glucose, galactose, or unliganded form have been solved (PDB ID: 3GBP/1GCA/1GCG) at 2.4 Å/ 1.7 Å/1.9 Å resolutions (Mowbray et al., 1990; Zou et al., 1993; Flocco and Mowbray, 1994) . The protein consists of two highly similar α/β-domains; each domain is made up of a core of parallel β-sheets sandwiched between two layers of α-helices. The domains are linked by a hinge made up of three polypeptide strands. The ligand is almost completely buried in a binding site located in the cleft between the two domains.
In our present study, we have searched for the newly discovered protein sequences that have significant sequence homology with the bacterial protein, but their threedimensional (3D) structural information is not yet available. Using BLAST search, taking the periplasmic receptor protein sequence as query in the "nr" database, we have identified four homologous sequences in the complete genome sequences of the bacterial species, that is, Clostridium tetani (Brüggemann et al., 2003) , Pseudomonas syringae (Feil et al., 2005) , Actinobacillus pleuropneumoniae (Accession number: ZP_00134897; Gillaspy, A.F. et al., unpublished data) , and Treponema pallidum (Fraser et al., 1998) , to examine their mode of binding with the ligand. The homologous protein genes were predicted by the conceptual translation of the identified open reading frames.
In these four sequences, the residues that are playing important roles in glucose/galactose binding as well as in calcium binding in 3GBP/1GCA are found to be highly conserved. Only sequences with identities in the range from 30 to 50% were selected because higher identities would always lead to very similar structure. 3D structures of these proteins have been predicted by homology modeling, and the glucose or galactose molecule has been docked to arrive at the structures of the complexes using computer-aided modeling techniques. The analysis of these structures allowed us to examine the feasibility of the formation of calcium-binding loops (CBLs) and the nature of interaction of glucose/galactose with these proteins. Another striking observation was the highly negatively charged environment of the galactose/glucose-binding pocket (Mowbray et al., 1990; Flocco and Mowbray, 1994) . To verify whether this is a necessary condition for glucose/galactose binding, we calculated the electrostatic potentials of all the modeled proteins and examined their nature in the vicinity of the binding pocket.
Results and discussion
In this study, we are in search of bacterial GGBPs in the newly sequenced genomes. The tertiary structures of a bacterial glucose/galactose-binding protein (GGBP) from the pathogenic bacteria S. typhimurium have been determined in complex with glucose at 2.4 Å (Mowbray et al., 1990) and galactose at 1.7 Å (Zou et al., 1993) resolutions as well as in the unliganded form at 1.9 Å resolution (Flocco and Mowbray, 1994) . Earlier the structure of L-arabinose-binding protein (ABP) from Escherichia coli was reported at 1.7 Å resolution (Quiocho and Vyas, 1984) having a novel binding site geometry that accommodates both its α-and β-anomers. It has a sequence very different from GGBP of S. typhimurium but shows very high similarity with its 3D structure where 70% of the structures superpose with a root mean square deviation (RMSD) of 2.0 Å (Vyas et al., 1991) .
To find out the protein sequences homologous to GGBP from S. typhimurium, BLAST search was performed with its amino acid sequence as the query. Among the BLAST hits, we selected four sequences on the basis of their high homology in a particular region of the sequence with the query sequence, which formed the CBL in the structure of the query sequence but <50% amino acid identity in the entire sequence. All these selected protein sequences belong to bacteria. The conserved hypothetical protein from A. pleuropneumoniae showed 48% sequence identity and ∼72% sequence similarity with the query sequence. The hypothetical protein from the bacteria C. tetani showed 47% identity and ∼64% similarity with the query sequence, and the hypothetical protein from T. pallidum showed 36% identity and 56% similarity with GGBP sequence from S. typhimurium. The uncharacterized protein from P. syringae showed only 30% identity and ∼48% similarity. Amino acid sequences of these four proteins were used as target sequences for 3D structure prediction and analysis of the calcium as well as glucose/galactose-binding sites. After the initial structures were predicted by the combination of ANALYN and MODELYN (Mandal, 1998) , they were refined by the regularization of segments with deletions or insertions using DISCOVER module of InsightII of Accelrys (San Diego, CA).
Predicted structures were checked for main chain conformations using PROCHECK (Laskowski et al., 1993) which showed that initially >90% of the φ -ψ plots were in the core regions and <3% together in the generously allowed and disallowed regions of Ramachandran's plot. Most of the residues that fell in the disallowed regions were from the loop regions in which major insertions and deletions were made. On further refinement of the main chain conformations selectively in these regions, φ -ψ plots of all the nonglycine residues of all the modeled structures were outside the disallowed regions. Side chain planarity of the planar groups in phenylalanine, tyrosine, tryptophan, histidine, arginine, glutamine, asparagines, glutamic acid, and aspartic acid was checked using PROCHECK where deviations from planarity were identified by measuring RMS distances of planar atoms from the best-fitted plane; residues having RMS distances >0.03 Å for rings and 0.02 Å for other groups were marked as outliers (Laskowski et al., 1993) . Modeled proteins from A. pleuropneumoniae, C. tetani, T. pallidum, and P. syringae showed 1.8, 8.0, 5.7, and 2.0% outliers, respectively, of the total planar group-containing residues compared with 2.8% in the x-ray structure (3GBP) of S. typhimurium. RMSDs of bond lengths and bond angles of all the modeled structures were within 0.02 Å and 3.5°, respectively, from the standard values indicating reasonably good structural parameters.
We checked protein geometry of the modeled structures by calculating clashscores and rotamer outliers using MOL-PROBITY (Davis et al., 2004) . For modeled structures of proteins from A. pleuropneumoniae, C. tetani, T. pallidum, and P. syringae, all atom clashscores were 1.68, 1.2, 0.4, and 2.1, respectively, compared with a clashscore of 1.7 for the x-ray structure (3GBP) of S. typhimurium; rotamer outliers for the respective structures were 11, 13, 13, and 19% as compared with 7% for the x-ray structure as calculated using MOLPROBITY. The multiple sequence alignment of the query and the modeled proteins is shown in Figure 1 that shows the highly conserved amino acid residues; the residues involved in coordination with calcium ion are shown as boldfaced letters. All the modeled structures were structurally superposed with respect to the calcium atoms of the common core of the structures and shown in Figure 2 .
Calcium atoms were added to our modeled structures by superposing them with the x-ray structure with respect to a set of calcium atoms, which showed RMSD <0.3 Å, followed by the transfer of the calcium ion. Potential coordinating atoms in a modeled structure were identified measuring distances of the residues within 4 Å around the calcium atom, and the equivalent amino acids were identified. Energy minimization and molecular dynamics were performed to get a regularized structure of the calcium-binding environment similar to that of the x-ray structure; distance constraints were applied to obtain a coordination shell of similar geometry. In periplasmic GGBP of S. typhimurium, the calcium ion is surrounded by seven ligands (Vyas et al., 1987 (Vyas et al., , 1991 in two CBLs (CBL-1 and CBL-2). The amino acid sequence from 134 to 142 (DLNKDGKIQ) forms the major CBL (CBL-1), and this sequence is found to be highly conserved in the three target sequences selected for modeling. The loop CBL-2 only participates in calcium binding via Glu-205 side chain, whereas the side chains of Asp-134, Asn-136, Asp-138, and Gln-142 and the main chain of Lys-140 of loop CBL-1 are involved in calcium binding ( Figure  3) . We have identified all the conserved equivalent residues and calcium-coordinated atoms in the modeled structures as discussed below and presented in Table I and Figure 4 . In the modeled proteins from A. pleuropneumoniae and C. tetani, the CBLs also consist of the residues from 134 to 142, the residues involved in calcium binding are Lys-140 main chain oxygen and the side chains of (Table I ). All the residues involved in coordination are identical, and only two amino acids in the entire loop are different from those of GGBP. The situation is very similar in case of modeled protein from T. pallidum although it has less overall sequence identity with 3GBP. In this protein also, the CBLs consist of the residues from 134 to 142, and the residues participating in calcium coordination are Ile-140 main chain oxygen and side chains of the residues Asp-134, Asn-136, Asp-138, Gln-142, and Glu-205 differing only in one amino acid, the coordinating backbone oxygen of Lys-140 is replaced with that of Ile-140 (Table I) . Although the modeled protein from P. syringae has only two residues, Asp-134 and Asp-138, identical with those involved in calcium coordination in GGBP of S. typhimurium, the calcium coordination shell is partially satisfied by other residues. The main chain oxygen of Gly-140 and the side chains of Asp-134, Asp-138, Asp-141, and Asn-205 are involved in calcium coordination in this case, and two other coordination positions are occupied by water molecules to satisfy all the seven positions (Table I) . Similar seven-ligand calcium coordination was also observed in case of a fucose-binding lectin (Mitchell et al., 2002) .
Glucose has been docked into the binding site of the modeled structures by superposing them with the x-ray structure, bound to glucose (3GBP), with respect to the structurally conserved regions followed by the transfer of the glucose molecule to the binding site. The optimization of the structures of the complexes was performed by repeated molecular dynamics and energy minimization in the presence of water as described in Materials and methods, and the free energies of complex formation were calculated both in the presence and in the absence of calcium. The binding energies are summarized in Table II , and their hydrogen bonding (H-bonding) patterns are given in Table I . In all the cases including the crystal structure (3GBP) of GGBP from S. typhimurium bound to glucose, there are small differences in binding energies in the presence and absence of calcium. In a recent study, it has been shown that calcium depletion has a small effect on the secondary structures of GGBP of E. coli resulting in the reduction of its thermal stability, and glucose binding eliminated the effect induced by calcium depletion by restoring secondary structures similar to that of the native protein (D'Auria Total free energies of the complexes have two components: van der Waals (vdW) and electrical. The contribution of the vdW interactions is lower, varying between -16 and -26 kcal/mol, compared with the electrical contributions with variations in the range from -58 to -92 kcal/mol (Table II) . Values of ΔG bind were calculated by the linear interaction energy approximation as described in Materials and methods (Aqvist and Mowbray, 1995) for the complexes of glucose with all the models as well as the x-ray structure and presented in Table II . It may be noted that the calculated ΔG bind values for the complexes of glucose with the proteins from S. typhimurium (3GBP), A. pleuropneumoniae, and C. tetani are negative. Therefore, these proteins will form stable complexes with glucose, as these complexes have lower free energy in the protein-water environment compared with water. The values of ΔG bind for proteins from S. typhimurium (3GBP), A. pleuropneumoniae, and C. tetani (Table II) correspond respectively to dissociation constants (K d ) of 0.018, 8.1, and 10.0 μM, respectively. Our calculated ΔG bind value of -10.71 kcal/ mol for the GGBP-glucose complex is very close to the range of experimental values from -9.1 to -10.1 kcal/mol (Aqvist and Mowbray, 1995) . On the contrary, the calculated ΔG bind values for T. pallidum and P. syringae are positive (Table II) , indicating that the complex formation of glucose with these proteins in the aqueous medium is thermodynamically unfavorable.
A substantial portion of the electrical energy arises from H-bonding interaction, which plays a major role in the binding affinity. The side chains of the residues Asp-14, Asn-91, and Asn-256 from domain 1 and His-152, Asp-154, Arg-158, Asn-211, and Asp-236 from domain 2 interact with the hydroxyl groups and ring oxygen of the sugar molecule in the crystal structure (Table I) . The sugar molecule is also involved in H-bonding with the water molecule through hydroxyl group oxygen atom (O3) at position C-3 of sugar. The residues involved in H-bonding with glucose are found to be almost conserved in the modeled proteins from A. pleuropneumoniae, C. tetani, and T. pallidum. In the modeled protein from A. pleuropneumoniae, it is fully conserved, and in the modeled protein from C. tetani, Asn-256 of domain 1 is not involved in H-bonding with glucose and also His-152 of domain 2 is replaced by Arg-92 of domain 1. Modeled protein from T. pallidum lacks Asn-256 from domain 1 as well as Arg-158 from domain 2. Here, Asp-14 and Asp-154 are replaced by Asp-183 and Ser-154 of domain 2. In case of modeled protein from P. syringae, a different set of residues are involved in H-bonding with glucose. In this case, side chains of the residues Asp-10 from domain 1 and Asn-152, Try-183, and Glu-211 from domain 2 are involved in H-bonding with glucose showing significantly negative free energy of complex formation with the sugar, although it has less sequence homology with the crystal structure. The H-bonding interaction of sugar hydroxyl group oxygen atom (O3) with the water molecule is found to be conserved in case of modeled proteins from A. pleuropneumoniae and C. tetani. In the modeled protein from T. pallidum, there is no such type of H-bond, but in the modeled protein from P. syringae, a different hydroxyl group oxygen atom (O6) is involved in H-bonding with a water molecule. 
Structural modeling of glucose/galactose-binding proteins
We docked galactose into the binding site of the modeled proteins on the basis of the x-ray structure of GGBP-galactose complex (1GCA) and optimized for getting the stable structure of the complex in the same way as that of glucose complex. The analysis of their free energy of complex formation shows that the modeled proteins have similar values with galactose as glucose (Table II) . The contributions of the vdW interactions for all the complexes range from -18 to -29 kcal/mol, whereas the electrical contributions show higher variations ranging from -58 to -85 kcal/mol. The values of ΔG bind for proteins from S. typhimurium (3GBP), A. pleuropneumoniae, and C. tetani as summarized in Table II correspond respectively to K d of 0.039, 1.45, and 4.90 μM. K d value for the GGBP-galactose complex (1GCA) from S. typhimurium is more than two times that of the GGBPglucose complex (3GBP) suggesting a weaker complex with galactose. The experimentally determined K d value is about 3.5 times less than the lowest value in the range from 0.14 to 4.0 μM (Aqvist and Mowbray, 1995) . Calculated ΔG bind values for the complexes of galactose with the proteins from T. pallidum and P. syringae are positive; hence, no complex formation is expected in the aqueous medium.
The residues involved in the H-bonding with galactose in all the modeled proteins are found to be identical in case of the complexes with glucose (Table I) . Here, the sugar hydroxyl group oxygen atom (O3) is found to be involved in H-bonding with the water molecule, and this interaction is found to be conserved in case of modeled proteins from A. pleuropneumoniae and C. tetani. In the modeled protein from T. pallidum, there is no such type of H-bond, but in the modeled protein from P. syringae, a different set of hydroxyl group oxygen atoms (O6 and O4) as well as hydrogen atom of the hydroxyl group (HO6) at position C-6 is involved in H-bonding with water molecules. These results confirm the dual specificity of these receptors for glucose and galactose.
ABP from E. coli has only 14% sequence identity with the GGBP from S. typhimurium, but a high degree of structural similarity is present (Quiocho and Vyas, 1984; Vyas et al., 1991) . The ABP is also composed of two globular domains connected by three polypeptide segments, and the ligandbinding site is located in the cleft between the two domains. In the crystal structure (3GBP) as well as the modeled structures, the residues involved in H-bonding with the sugar have similarity with ABP from E. coli. In ABP, the side chain of the residues Lys-10, Glu-14, Asp-90, Arg-151, Asn-205, and Asn-232 and also two water molecules are involved in H-bonding with the sugar (Vyas et al., 1991) . In the crystal structure of S. typhimurium and also in the modeled proteins from A. pleuropneumoniae and C. tetani, the side chains of the residues Asp-14, Asn-91, Arg-158, Asn-211, and Asp-236 as well as one water molecule are involved in H-bonding with the hydroxyl groups and ring oxygen of the sugar molecule (Table I) which are identical or very similar to the residues involved in ABP. Modeled protein from T. pallidum lacks Arg-158 as well as water molecule involved in H-bonding with the sugar, and also Asp-14 is replaced by Asn-14. In case of modeled protein from P. syringae, a different set of residues, that is, side chains of the residues Asp-10, Asn-152, Try-183, and Glu-211, and one water molecule are involved in H-bonding with the glucose.
The calculation of electrostatic potential on the surfaces around the binding site shows that the calcium-binding site is extensively negative due to the presence of acidic residues required for calcium binding except for the hypothetical protein of P. syringae. Electrostatic potential surfaces of the crystal structure of S. typhimurium and a few modeled proteins are shown in Figure 5 . The glucose/galactose-binding Table II . Empirical free energies of the complex formation between proteins (crystal structure and the modeled structures) with glucose and galactose in aqueous solution in the presence and absence of calcium ion 1GCA, x-ray structure of GGBP complexed with Gal; 3GPB, x-ray structure of GGBP complexed with Glc. site is mostly negatively charged with a small patch of a positively charged region in case of crystal structure and modeled proteins from A. pleuropneumoniae and C. tetani. The ligand-binding site is mostly negatively charged with a small patch of a hydrophobic region in case of modeled protein from T. pallidum and P. syringae. The highly negative potential surface around the positively charged calcium ionbinding site is necessary for the neutralization of the positive charge as is observed in other calcium-binding lectins.
Conclusions
We have modeled the structures of four bacterial proteins taking the crystal structure of a periplasmic glucose/galactosebinding receptor protein from S. typhimurium (PDB ID: 3GBP/1GCA) as template. Glucose and galactose were separately docked into the binding sites of the structures to study the physiochemical forces involved in such binding. The acidic residues involved in the coordination with calcium ion form a major CBL in 3GBP. It is also found to be conserved in modeled protein sequences except in the periplasmic protein from P. syringae due to less overall sequence homology. Seven calcium-coordinating atoms could be identified for all the structures, which also include one or two water molecules. Optimum 3D structures of the complexes of glucose and galactose were predicted by energy minimization and molecular dynamics simulations of the complexes in the presence of water molecules both in the presence and in the absence of calcium ions. There are only minor differences in the calculated free energy of binding between the models in calcium bound and unbound forms; this small change is expected as a recent study (D'Auria et al., 2006) on calcium binding to GGBP from E. coli demonstrated small changes in the secondary structures of the protein by calcium depletion reducing its thermal stability, which was restored by glucose binding.
Total free energy of complex formation of glucose and galactose with the models, including the x-ray structures, of the proteins was found to increase in the order S. typhimurium < A. pleuropneumoniae < C. tetani < T. pallidum ≈ P. syringae indicating the order of decreasing strength of binding, which is also the order of decreasing amino acid identity/similarity with the starting scaffold used for homology modeling. The calculation of ΔG bind values by the linear interaction energy approximation (Aqvist and Mowbray, 1995) suggests that both glucose and galactose can form thermodynamically stable complexes with the proteins from S. typhimurium, A. pleuropneumoniae, and C. tetani (Table II) , whereas the proteins from T. pallidum and P. syringae gave positive values indicating no complex formation. It should be pointed out that the proteins from T. pallidum and P. syringae are less homologous to the starting scaffold (GGBP from S. typhimurium) for homology modeling, amino acid identities being only 36 and 30%, respectively. Hence, it remains uncertain whether the positive value of ΔG bind is due to inaccuracy in structure prediction or intrinsic inability of these proteins in binding to glucose/ galactose; however, this can only be answered by the experimental determination of their structures.
The most reliable values of K d determined by various experimental techniques for binding of GGBP from S. typhimurium to glucose and galactose fall in the ranges 0.04-2 μM and 0.14-4 μM, respectively (Aqvist and Mowbray, 1995) . Our calculations give the K d values for binding of GGBP from S. typhimurium to glucose and galactose as 0.018 and 0.039 μM, respectively. Both these values are close to the lower side of the range, implying that this method predicts a little higher values in terms of association constant K a . Considering the empirical nature of the prediction, this may be considered to be reasonably successful in the cases where experimental values are available for verification. Calculated K d values, predicted for the complexes of the putative periplasmic proteins from A. pleuropneumoniae and C. tetani with glucose and galactose, lie between 1.45 and 10.0 μM which are in good agreement with the experimental range of values; hence, these proteins are expected to serve as glucose and galactose receptors having dual specificity of these sugars in these bacteria.
Materials and methods
The initial structures of the glucose/galactose-binding periplasmic proteins were obtained by knowledge-based homology modeling using our in-house software package of ANALYN and MODELYN (Mandal, 1998) . The starting scaffold for homology modeling was the x-ray crystallographically determined structure of a bacterial glucose/galactosebinding periplasmic receptor from pathogenic bacteria S. typhimurium (PDB ID: 3GBP/1GCA) (Mowbray et al., 1990; Zou et al., 1993; Flocco and Mowbray, 1994) . The modeled structures were refined using the InsightII (2005) of Accelrys equipped with DISCOVER as the energy minimization and molecular dynamics module. Structural optimization involved energy minimization (100 steps each of steepest descent and conjugate gradient methods) using cff91 force field followed by dynamics simulations. A typical dynamics run for structure regularization consisted of 1000 steps of 1 fs after 100 steps of equilibration with a conformation sampling of 1 in 10 steps at 300K. At the end of the dynamics simulation, the conformation with lowest potential energy was picked for the next cycle of refinement using the ANALYSIS module of InsightII. This combination of minimization and dynamics was repeated until satisfactory conformational parameters were obtained. Special care was taken in the structural zones where major insertion or deletions were made. The structures of the complexes were obtained by the superposition of the modeled protein structures with the experimental structure of S. typhimurium in complex with glucose/galactose (3GBP/1GCA), followed by optimization with repeated energy minimization and dynamics simulation. In this case, 1000 steps of equilibration were allowed in every span of 10 ps dynamics at 300K. To investigate the influence of water molecules on sugar and calcium ion binding, water molecules were added and associated with the complex using the Assembly/Soak option of InsightII to cover the desired area during molecular dynamics simulations and energy minimization. From the values of the free energies of complex formation of glucose/galactose in water and water-protein environments, we have calculated the absolute binding energies following the linear interaction energy approximation method of Aqvist and Mowbray (1995) using the relation ΔG bind = 1/2 Δ<V el l-s > + αΔ<V vdW l-s >, where ΔG bind is the absolute binding energy, Δ stands for differences in the electrical (V el l-s ) and vdW (V vdW l-s ) components of the free energies of the ligand solvent (l-s) systems, that is, in pure water and proteincontaining water environments. The weight factors of the electrical and vdW contributions were taken, respectively, as 0.5 (1/2) and 0.16 (α) used by them for a very similar system. Association constant (K a ) was calculated using the thermodynamic relation ΔG bind = -RTlnK a , where R is the ideal gas constant and T the absolute temperature; K d was calculated by taking the inverse of K a .
Position constraints were applied to the atoms, which were >10 Å away during energy minimization and molecular dynamics of the complexes. During the regularization of the structures of the complexes with calcium and glucose/ galactose, the distances between the calcium ion and the atoms involved in coordination with the calcium ions were kept constant by applying "generic distance constraints" from the DISCOVER module of InsightII.
ANALYN was used for the analysis of prealigned sequences of the target and scaffold proteins and was run on IBM-compatible PC. MODELYN was used for automated prediction of the initial target structure and for its structural analysis after refinement; it was run both on IBM-compatible PC in the Windows environment and in FUEL workstation of Silicon Graphics, Inc. in the IRIX environment. InsightII was run on FUEL workstation and Altrix 350 server of Silicon Graphics, Inc. in the IRIX environment. CLUSTALW (Thompson et al., 1994) was run through the Internet for multiple alignment of the amino acid sequences. The electrostatic potential surfaces of the proteins were determined by MOLMOL (Koradi et al., 1996) . PROCHECK (Laskowski et al., 1993) was used for checking the structural parameters. Both MOLMOL and PROCHECK were run on FUEL in the UNIX operating system. MOLPROBITY (Davis et al., 2004) was used for all-atom contact analysis in terms of clashscores (number of atoms having atom pair overlaps ≥ 0.4 Å of 1000 atoms) and for the calculation of rotamer outliers. MOLPROBITY, being a general-purpose web service offering quality validation for 3D structures of proteins, nucleic acids, and complexes, was used through the Internet. H-Bonding patterns of the modeled and x-ray structures were obtained by adding hydrogen (x-ray structures lack hydrogen atoms, and DISCOVER needs these atoms for minimization and dynamics) followed by optimization of the complex by energy minimization and molecular dynamics. The free energies of binding of the complexes were calculated using the DOCKING module of InsightII. Protein BLAST (Altschul et al., 1997) was used through the Internet for finding homologous sequences.
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